We consider an extension of the standard model (SM) with an inert Higgs doublet and three Majorana singlet fermions to address both origin and the smallness of neutrino masses and dark matter (DM) problems. In this setup, the lightest Majorana singlet fermion plays the role of DM candidate and the model parameter space can be accommodated to avoid different experimental constraints such as lepton flavor violating processes and electroweak precision tests. The neutrino mass is generated at one-loop level a la Scotogenic model and its smallness is ensured by the degeneracy between the CP-odd and CP-even scalar members of the inert doublet. Interesting signatures at both leptonic and hadronic colliders are discussed.
I. INTRODUCTION
The Discovery of the Higgs particle at the LHC in 2012 [1] , validated the standard model (SM) of particle physics. Although the SM has been very successful in describing and explaining the non-gravitational fundamental interactions between elementary particles, there are still open questions that it does not answer. For instance, the observation of neutrino oscillations in solar, atmospheric, reactor and accelerator experiments confirmed that neutrino have tiny non zero mass, unlike in the SM where they are strictly massless. Another issue that the SM does not account for is the existence of dark matter (DM) inferred from different astronomical and cosmological observations. Thus, going beyond the SM seems to be necessary in order to address these problems.
The most popular mechanism for explaining the smallness of neutrino mass is the see-saw mechanism, where a massive right handed neutrino (RHN) couples to the lepton and the Higgs doublets fields, and which at low energies induces the effective dimension five operator
where Λ is the scale of new physics which is of order the RH neutrino mass, κ ij is a product of Yukawa couplings, L and L c are the Lepton SU (2) L doublet and its charge conjugate, respectively, and H is the Higgs doublet. However, on the basis of naturalness, the scale Λ needs to be of order the GUT scale, making it impossible to probe it in high energy laboratory experiments. One way to lower the scale of the new physics is by generating neutrino masses radiatively where their smallness can be naturally explained by the loop suppression factor(s) and the Yukawa couplings. This can be realized at one loop [2] , two loops [3] , three loops [4, 5] , or four loops [6] . In [7] it has been shown that there is a class of three loop neutrino mass generation models, where the new particles that enter in the neutrino loop can be promoted to triplets [7] , quintuplet [8] , septuplets [9] , and within a scale-invariant framework [10] . An interesting features of these class of models is that the scale of new physics can be of order TeV, making them testable at high energy colliders [11, 12] (For a review, see [13] ). Moreover, the electroweak phase transition can be strongly first order, an essential ingredient for successful electroweak baryogenesis [14] .
One of the simplest extensions of the scalar sector of the SM is the inert Higgs doublet model (IHDM) where one add an extra scalar doublet, Φ, and assumes that there is a discrete Z 2 symmetry under which Φ is odd whereas the SM fields are even [15] . The Phenomenology of the (IHDM) has been studied extensively in the literature [16] . The discrete symmetry Z 2 has the following features: i) absence of the flavor changing neutral currents at tree level [17] , ii) the scalar of the inert doublet does not have interactions with active fermions and therefore its neutral component, denoted by H 0 , can be a good candidate for DM. It has been shown that if H 0 is lighter than about ≤ 50 GeV, the null results from DM direct detection experiment implies that annihilation cross section of the neutral inert scalar into SM light fermions is highly suppressed, giving too large relic density to what is observed by Planck experiment 1 . In the mass range 140 GeV < m H 0 ≤ 550GeV, the annihilation into W + W − is too large, rendering the relic density too small to be compatible with the astrophysical observations. There are three mass regions where the inert scalar can be a viable DM candidate: i) m H 0 m h /2, with m h is the SM Higgs mass, corresponding to the annihilation via the s-channel resonance due to Higgs exchange [19] , ii) m H 0 around the mass of the W gauge boson, where the annihilation is into the three-body final state W W * → W f f [20] , and iii) m H 0 ∼ TeV with scalar couplings of order unity [21] . One possible way to produce the correct relic density and not being in conflict with DM direct detection experiment is by extending this model with heavy SU (2) L singlet vector-like charged leptons [19] .
In the present work, we consider the SM extended by an inert doublet and three RHNs [22] in order to address both neutrino mass and DM problem. We will investigate the case where the lightest Majorana singlet fermion plays the role of DM candidate instead of the neutral CP-odd or CP-even scalars 2 . We will show that the model parameter space can be accommodated to avoid different experimental constraints such as lepton flavor violating processes and electroweak precision tests. In this setup, the neutrino mass smallness is ensured by making the splitting between the CP-even and CP-odd scalars very tiny. We will study different phenomenological aspects of the model and investigate the different regions of the parameter space that fulfill various theoretical and experimental constraints. In addition, we discuss the signatures for probing the model at both leptonic and hadronic colliders are discussed.
The paper is organized as follows; in section II, we highlight the model, its parameters and the different constraints under which the model is subject to. In section III, we present some selected results. In section IV, we discuss briefly the possible signatures of this model at hadronic and leptonic collider machines. In section V, we give our conclusion.
II. THE MODEL: PARAMETERS AND CONSTRAINTS

A. The Model and Mass Spectrum
Here we consider the extension of the SM with an inert doublet Φ and three singlet Majorana fermions N i ∼ (1, 1, 0), i = 1, 2, 3, both odd under a discrete Z 2 symmetry. The relevant terms for generating neutrino mass at one loop are
whereL i is the left-handed lepton doublet and = iσ 2 is an antisymmetric tensor. The scalar potential can be written as
and the SM Higgs and the inert doublets can be represented as
Keeping in mind that all field dependent masses are written in the from m Furthermore, we require that the contribution to neutrino-less double beta decay in this model satisfies the current bound. Within these ranges, one determines the parameter space where viable neutrino masses and mixing occur in the model.
B. Theoretical and Experimental Constraints
Here, we discuss different theoretical and experimental constraints on the model parameters.
Theoretical Constraints: The parameters of the scalar potential have to satisfy these theoretical constraints:
• Perturbativity: all the quartic couplings of the physical fields should be less than 4π, i.e.,
• Vacuum Stability: the scalar potential is required to be bounded from below in all the directions of the field space. In both field planes h-H 0 and G 0 -A 0 the following the condition must be satisfied [27] 
whereas in the plane H ± -G ∓ , we find
In addition, we should consider the condition
which is required to guarantee that the inert vacuum is the global minimum [28] .
• Perturbative unitarity: We demand that the perturbative unitarity is preserved in variety of processes involving scalars or gauge bosons at high energy. At high energies, the equivalence theorem replaces the W and Z bosons by the Goldstone bosons. Computing the decay amplitudes for these processes, one finds a set of 4 matrices with quartic couplings as their entries [29] . The diagonalization of the scattering matrix gives the following eigenvalues
4 ,
We require that the largest eigenvalue of these matrices to be smaller than 4π.
Experimental Constraints
• Gauge bosons decay widths: in order to keep the W and Z gauge bosons decay modes unmodified, one needs to impose the following conditions:
• Lepton flavor violation (LFV) processes: in this model, LFV decay processes arise at one-loop level with the exchange of H ± and N k particles. The branching ratio of the decay α → β + γ due to the contribution of the interactions (2) is [30] .
where c are given in [34] . The branching ratio h → γZ is not measured yet, but when it will be measured with a good precision, it can give a hint about the extra charged scalar whether it is a singlet or it belongs to a higher order multiplet.
• LEP direct searches of charginos and neutralinos: The search for the inert particles have never been done at colliders. However, their signature is very similar to those of neutralinos and charginos in supersymmetric models [35] . We take a conservative approach and impose the following lower bounds
where the last bound comes from a re-interpretation of neutralino searches at LEP [36] in the context of the IHDM.
• Dark matter relic density: In this model, we are considering the lightest right handed neutrino to be the DM candidate. Its annihilation occurs onto SM neutrinos and charged leptons via t-channel diagrams mediated by the members of the Inert doublet. After computing the thermally averaged cross section [37] , < σ N1N1 v r >=< σ(N 1 N 1 → + − , νν)v r >, the DM relic abundance can be expressed as [38] 
which we require to be in agreement with the measured values by WMAP [39] and Planck [40] collaborations. The expression of the relic density in (21) is estimated without taking into account the co-annihilation effect. Such effect can be important when N 2 and/or N 3 have masses very close to that of
, and hence one should not neglect it when computing the relic density. However, co-annihilation with the inert members, such as the process N 1 H ± → α γ, is less important due to the smallness the electromagnetic coupling as compared to the Yukawa couplings h ik .
In order to account for such effect, one substitute < σ N1N1 v r > in (21) by the thermal average of the effective cross section [41] 
with
Here, x f = M 1 /T f is the freeze-out parameter, g ef f (x f ) accounts for the effective multiplicity at the freeze-out, and σ ik v r is the thermally averaged cross section of
β , ν ανβ at the freeze-out. Here, the ratio
is the relative mass difference. The cross section formulas for the processes
β , ν ανβ are given in Eq. (A2) in the appendix.
• Dark matter direct detection: Although N 1 does not couple directly to the Higgs boson or Z gauge boson, it acquire an effective vertex hN 1N1 at one loop. In this case, the spin independent (SI) scattering cross section of N 1 off a nucleon N reads
where m N and m B are the nucleon and baryon masses in the Chiral limit [42] , andỹ hN1N1 is the induced one loop effective dark matter coupling to the Higgs boson. There are three generic contributions to the effectiveỹ hN1N1 coupling that lead to the SI interaction as are shown in Fig. 2 .
In non-relativistic limit and m α M 1 , the effective coupling can be approximated by [43] 5 Thus, in our scan of the parameter space we will impose the recent bounds on the dark matter-nucleon scattering cross section from the LUX [44] and XENON1T [45] direct detection experiments.
Feynman diagrams that are responsible to the effective couplingỹ hN 1N1 .
III. NUMERICAL ANALYSIS AND DISCUSSION
The model contains 26 free parameters: 4 quartic couplings in the scalar potential λ i , i = 2..5, 18 (9 complex) Yukawa couplings h ij , i, j = 1..3, 3 RHNs masses M k , k = 1..3 and the squared-mass parameter µ 2 2 of the inert Higgs. In our numerical analysis, we perform a scan of those parameters over the parameters ranges
Taking into account all theoretical and experimental constraints mentioned in the previous section, we scan over the parameters range (27) . Within this parameters range, one can estimate the effect of the one-loop corrections in (5) on the observables X = λ, µ 2 , by showing the ratio δX = (X − X tree−level ) /X tree−level in Fig. 3 , where we consider 3000 benchmark points that fulfill all the conditions mentioned in the previous section. 
FIG. 3:
The ratios δλ and δµ 2 that represent the relative corrections due to the inert members. In the palette, we read the large inert members mass (right) and its coupling to the Higgs, i.e., |λ3| (|λ3
One has to notice that the one-loop effect is very important for massive and strongly coupled inert members. For instance, the inert corrections in (5) gives δλ = −1 ∼ 0.098 and δµ 2 = −1.83 ∼ 3.94, i.e., the Higgs mass and quartic coupling could be fully radiative δλ ∼ −1.
In Fig. 4 , we depict the DM relic density, co-annihilation effect and the direct detection spin-independent cross section as a function of the DM mass for the benchmark points used in Fig. 3 . From Fig. 4 , one remarks that: (1) most of the benchmark points are within the 1σ envelope on the relic density measurement. (2) We see that the lightest RHN can be a viable DM candidate for masses in the range 10 − 700 GeV and with a spin-independent direct detection cross section below the experimental bound. Note that a large fraction of the benchmark points are above the irreducible neutrino background and hence can be probed in future direct detection experiments. (3) The ratio co-annihilation effect that is presented with the ratio Ω 1 h 2 /Ωh 2 , where Ω 1 h 2 (Ωh 2 ) refers to the relic density within (without) the co-annihilation effect. As expected, the co-annihilation effect is important only for benchmark points where the two RHN's (N 1 , N 2 ) are degenerate, i.e., very small mass difference values. It is worth mentioning that even though one could allow M 1 to vary over the mass range in (27) , for DM heavier than 700 GeV the relic density requires the couplings h i,1 to be much larger than unity so that the relic density will be in agreement with the observed value. However, this will make the constraints on the LFV processes very difficult to satisfy.
For the same benchmark points, we present in Fig. 5 , the different branching fractions of the LFV processes α → β + γ (left panel) and α → 3 β (right panel), normalized to their experimental bounds, versus the DM mass. We Note that the stringent lepton flavor violation constraint comes from the process µ → eγ, where it is severely fulfilled for most of the benchmark points. This could be achieved by cancellation between different terms in (16) , since the right relic density value does not allow the Yukawa couplings to have smaller values. In Fig. 6 -left, we depict the oblique parameters S versus T where the different ellipses represent the 68%, 95% and 99% CL intervals obtained from the precise measurements of various observables. The color map shows a ratio defined by 
which parametrizes how close is the charged Higgs mass to the arithmetic mean of the CP-even and CP-odd Higgs masses. In the right panel of Fig. 6 , we show R γγ vs R γZ . As can be seen from left panel in the figure, one remarks that the electroweak precision tests exclude the benchmark points with larger values of the parameter ∆. From Fig. 6 -right, one can see that the two branching ratios are proportional to each other due to the nature of the new additional scalar multiplet, i.e., the inert doublet. This can be understood from the factor (1 − 2s We give in Fig. 7 same order of magnitude whether the CP violating phases are vanishing or not. Thus, in this model there is no favored values or range of CP violating phases. Furthermore, in both cases of normal and inverted neutrino mass hierarchy, the allowed parameter space is similar. For the case of real Yukawa h-couplings, they need to be about one order of magnitude smaller than the complex case of complex, which is due to the fact that the cancellations in (16) required to fulfill the LFV constraints is much easier to achieve for complex valued Yukawa couplings than real ones.
In the right top panel of the same figure, we show max(|λ 1,2,3,4 |) as a function of the coupling |λ 5 |. One can see that λ 5 take very small values, and this is required to be in agreement with the observed neutrino masses and mixing angles. This allow the new Yukawa couplings h ij to be unsuppressed as opposed to the case considered in [22] . The bottom panel, represents the allowed masses of the CP-odd scalar, m A 0 , projected on the (m H 0 , m H ± ) plan. The implication of the smallness of λ 5 is that the CP-odd and CP-even states are quasi degenerate, which render the constraints on the oblique parameters easy to satisfy.
IV. COLLIDER PHENOMENOLOGY A. Possible signatures
The RHNs, N i , can be pair produced through several processes both at hadron as well at lepton colliders. At hadron colliders, however, it cannot be produced directly because of the absence of the vertices Z 0 NN , γNN and hNN in this model, and can only be found in the decay products of the inert doublet members. At lepton colliders such as the ILC or the FCC-ee, N i can be produced in t-channel processes with charged boson exchange. For the lightest RHN, N 1 , when produced at colliders, it is accounted as missing energy, however, N 2 and N 3 depending on their decay width Γ(N 2,3 → N 1 + + − ) may or may not behave as missing energy. This depends on the decay lengths
, with E i and Γ Ni are the energy and total decay width of N i , respectively.
From the different theoretical and experimental constraints, especially from neutrino mass and the electroweak precision observables, the neutral scalar particles are degenerate and hence the decays such as A 0 → H 0 Z 0 are kinematically forbidden. Thus, these particles can only undergo invisible decays (if kinematically allowed) into a RHN N i and a SM neutrino. At the LHC, the charged Higgs boson can be produced in pair or in association with A 0 /H 0 with σ 200 fb for light charged Higgs boson mass in the H 0 H ± (A 0 H ± ) mode (see Fig. 8 ). This channel, for ∆ H ± = m H ± − m H 0 ,A 0 < M W ± , leads exclusively to the spectacular mono-lepton signature. While dilepton signals can be observed in the case of the pair production of charged Higgs boson again for ∆ H ± < M W ± . On the other hand, for ∆ H ± > M W ± , the decays H ± → A 0 /H 0 W ± are kinematically allowed and hence a wide range of signatures are possible (see Table I ). For the case of H 0 H 0 (A 0 A 0 or H 0 A 0 ) channels, the two particles decay exclusively into a N i ν giving a mono-jet or mono-photon signature where the additional jet/photon is produced from Initial State Radiation (ISR) off the scattered quarks. However, due to the large α s (Q)/α em (Q) ratio, QCD radiation is dominant and mono-jet signature is more relevant in this case.
At lepton colliders, the N 1 can be pair produced through H ± exchange leading to mono-photon signature where the additional photon is emitted either from the e ± lines or from the intermediate charged Higgs boson. Pair production of charged Higgs boson or a CP-odd (CP-even) particle is also possible at lepton colliders. In table I, we summarize the different signatures that can be used to either look for N 1 in the next LHC-run or to constrain the model using the old measurements. In Fig. 8 , we show the total decay width of the charged Higgs (left) as a function of its mass for some of the benchmarks used previously. We see that the width can be as large as few hundred of GeV for heavy charged Higgs bosons. The reason is that scalar decays H ± → W ± A 0 /H 0 are kinematically allowed in certain regions of the parameter space. In the right panel, we present the cross section at the LHC at √ s = 14 TeV of H ± H ∓ and H ± H 0 (A 0 ) as a function of the charged Higgs mass. We can see that the H ± H 0 (A 0 ) have larger cross sections and approache 200 fb for light charged Higgs boson. We stress that for heavy scalar masses, the production cross section is extremely small. This makes the observation of the new states extremely difficult at moderate luminosities.
Process
Decay mode signature In the rest of this section, we will investigate the monolepton signature at the LHC, that is mentioned in Table. I. Two benchmark points, denoted by BP1 and BP2, are considered in this study where the corresponding parameters are given in Table. II. Moreover, the chosen benchmarks satisfy all the theoretical and experimental constraints and yield a cross section of order 460 fb and 127 fb for BP1 and BP2, respectively. A contribution from
) ≈ 45 fb. However, the same contribution is very negligible for BP2 and will not be taken into account. Furthermore, they have distinct features regarding collider phenomenology and dark matter relic density. For the first benchmark point (BP1), co-annihilation effects are important since ∆ 2 ≈ 0.08, whereas, due to the relatively larger value of ∆ 2 , co-annihilation effects are negligible for the second benchmark (BP2). However, in both scenarios, the decay
has a very small branching ratio, compared to Br(H ± → ± N i ), which is about 8.27% (3.21%) for BP1 (BP2). The background contributions to +E miss T signal can be classified into two categories: irreducible and reducible. The W production followed by its leptonic is the dominant irreducible background with a cross section of order O(20) nb at Leading Order (LO). Diboson processes, W Z, W W and ZZ, contribute as well to the background sources in the + E might come from tt and single top production where the top quark decays leptonically. Furthermore, there are several background processes whose contribution cannot be estimated at the parton level. In such background categories, charged lepton and missing energy arise either from i) multi-jet production where they are produced from hadron decays, and ii) in Drell-Yan process (Z/γ * → + − ) where one lepton is not detected. We do not consider these background in this study since their contribution can be significantly reduced by imposing isolation cuts and by requiring that the lepton and missing must have a back-to-back topology. These requirements are translated into cuts on the ratio of p T /E miss T and ∆Φ( , E miss T ). A perfect balance in the transverse plane between the charged lepton is reached when a charged lepton is produced in association with an invisible particle yielding a ratio p T /E miss T 1 and an azimuthal separation ∆Φ π. However, in hadronic collisions, there are QCD radiation off partons in the proton beams which result in a recoil of the lepton and missing energy system and yield a shift in the values p T /E miss T and ∆Φ( , E miss T ) but with an unmodified peak position. For reference, in Fig. 10 we show the imbalance between the lepton p T and transverse missing energy in the two benchmark points and the SM background. We can see that for the signal, W ± and W ± Z, this distribution is peaked around a value about 1 while it is a smooth function in the case of top quark processes.
Signal events were generated at LO using CalcHEP [46] while W ± and W ± Z events were generated using Madgraph5 aMC@NLO [47] . PYTHIA8 [48] was used for showering and hadronization of the parton level events and for generation of top quark events. Due to its large cross section, W ± boson events were generated with strong cuts, i.e with p T > 100 GeV and E miss T > 50 GeV. Such cuts reduce the total W boson production cross section from 19 nb to about 6 pb. While for the other background processes, no cuts were imposed on the generated MC samples. At the analysis level, further cuts are imposed on the charged lepton p T and E miss T to further reduce the SM background contribution. We, first, select events which contains exactly one charged lepton (either electron or muon) with p T > 30 GeV and |η| < 2.4, and a missing transverse energy (MET) with E miss T > 30 GeV. Furthermore, the imbalance between the lepton p T and MET was required to be 0.4 < p T /E miss T < 1.4. Such a cut reduce the amount of events for the signal and the irreducible background by about 20-25%. However, reducible backgrounds such as tt and single top quark production are reduced by a factor of 0.91. No cuts were imposed on the jet multiplicity, jet p T or b-tagging since jet activity is involved in all the processes. We recommend for a more complete analysis to be done at the experimental level. We further refine our selection criteria and define two signal regions; the first signal region is defined by p T > 250 GeV and > 300 GeV. In Fig. 11 , we show the corresponding distributions for the signal as well as background events.
To quantify the potential discovery of the model in the two benchmark points, we use the general formula for the signal significance which is defined by
We compute S for different values of the cut on the transverse mass of the lepton and missing transverse energy system defined by
In Fig. 12 , we plot the significance as function of the cut on M T for the two considered benchmark points and in the two signal regions. For M min T < 1 TeV, the significance reaches about 5σ level, and decreases quickly for M min T > 1 TeV. This behavior at M min T > 1 TeV is due to the relatively low statistics at that region which is a consequence of the light scalars chosen in our benchmark points. On the other hand, benchmark points with heavier scalars hardly achieve the 5σ level due to the smallness of the corresponding cross section. We notice that in the observability region, systematic uncertainties are quite moderate. They are dominated by uncertainties due to electron and muon energy resolution. Statistical uncertainties are also not important in this region of interest. We found that even for lower luminosities of about 100 fb −1 , the significance can reach the 5σ level for M min T < 600 GeV in BP1. We leave a more detailed study of all the systematic uncertainties in mono-lepton signatures and interplay with the other channels for a future work [49] .
V. CONCLUSION
In this paper, we considered the inert Higgs Doublet Model extended by three right handed neutrinos where both neutrino mass and dark matter are addressed. We considered the DM to be the lightest right handed neutrino and showed that its relic density can be in agreement with the observation provided that Yukawa couplings in the neutrino sector are not highly suppressed. We carried out a detailed numerical analysis to determine the different regions of the parameter space that are consistent with theoretical and experimental constraints. Fitting the observed neutrino mass squared differences and mixing angles requires that the CPodd and the CP-even components of the inert doublet to have quasi-degenerate masses. We also discussed a number of experimental signatures of this model at high energy colliders. In particular, mono-lepton, mono-jet and mono-photon signals are particularly interesting and can be used to search for the right handed neutrinos both at the LHC and future lepton colliders, such as the ILC. We have performed at detailed analysis of the mono-lepton signature at the LHC and showed that with a 300 f b −1 luminosity it is possible to probe the right handed neutrino signal.
Appendix A: The cross section of Ni − N k Co-annihilation
In this appendix, we derive the analytic expression annihilation cross of two right handed neutrinos, N i and N k , into charged leptons or light neutrinos. For the charged leptons channel, there are two diagrams that contribute to this process, as shown in Fig. 13 . After averaging and summing over the initial and final spin states, the corresponding squared amplitude is given by For i = k = 1, the expression of the annihilation cross section agrees with the one given in [12] .
